Neuropsychological and functional neuroimaging studies have implicated the right posterior parietal cortex (PPC) in human spatial attention. We tested the hypothesis that this area is also involved in nonspatial aspects of attention and working memory using positron emission tomography in healthy volunteers. In an initial experiment, digits were presented in pseudo-random spatial locations, and subjects attended either to locations or digits in order to detect single targets (attention condition) or to sequences of stimuli (working memory (WM) condition). Right superior parietal cortex (BA7) and intraparietal sulcus (IPS) were active during both spatial (locations) and nonspatial (digits) tasks compared to rest, although more so for the former. Additionally, right PPC was activated to an even greater extent during tests of WM than of attention, especially for tests of spatial WM. There were no differences in activation of dorsolateral prefrontal cortex in the spatial versus nonspatial versions of the task, contrary to many previous studies. A follow-up experiment which presented abstract objects in a fixed, central location confirmed that right IPS was active during tests of nonspatial attention and also that this activation is not due to incidental spatial representation of digit stimuli. However, BA7 was not activated by this nonspatial, nondigit attentional task. Overall, these data suggest first that right IPS is recruited for both nonspatial and spatial attention and WM. Second, right BA7 is recruited specifically for spatial (both direct and indirect) forms of attentional processing. Finally, PPC activations in spatial WM tasks are likely to be due to a combination of spatial perception, attention, and WM, rather than to any of these individually. 1998 Academic Press
INTRODUCTION
The functional neuroimaging literature regularly ascribes neuronal activations in parietal cortex to spatial processing. While there is almost no doubt that this brain region is involved in spatial processing of many kinds, there is another body of literature that notes its additional involvement in attentional processing (Mesulam, 1981; Posner et al., 1984; Corbetta et al., 1993) . For example, Posner et al. (1984) reported that patients with lesions to the right parietal cortex were impaired on a test of covert spatial attention, while more recently, with neuroimaging techniques such as positron emission tomography (PET) and functional magnetic resonance imaging (fMRI), the region of parietal lobe involved specifically in spatial attention has been localized more accurately. Notably, Corbetta et al. (1993) used a covert orientation of attention task and found a right posterior parietal cortex activation in relation to attentional orientation to the peripheral field of view. Vandenburghe et al. (1996) have shown that right superior parietal cortical activation is increased even further when subjects identify a stimulus in the periphery, rather than merely detecting its presence. This finding suggests that it may not be just the orientation of attention toward the periphery that activates this brain region, but also the discrimination of peripheral features. Right parietal activation to spatial orienting has also been noted using variants of Posner's covert orientation of attention task (Posner, 1980) . Nobre et al. (1997) employed both group and single-subject analysis of PET data to localize this activation to right intraparietal sulcus (IPS). Convergent PET and fMRI results, also using a variant of the Posner task, further support a role for IPS in spatial orienting of attention (Coull and Nobre, 1998) .
The right parietal cortex (both inferior and superior gyri) has also reliably been activated in tasks involving spatial working memory. However, discussions of results in such studies focus mainly on activation of frontal cortex with respect to working memory, the parietal cortex activation being implicated in spatial aspects of the task (Jonides et al., 1993; Smith et al., 1996; Goldberg et al., 1996; Courtney et al., 1996; Owen et al., 1996) . The parietal cortex has also been activated in nonspatial working memory tasks, such as the digit-ordering task used by Petrides et al. (1993) , the ''three-back'' tasks (in both visual and auditory modalities) used by Schumacher et al. (1996) , or the visual sustained attention and working memory task used by our own group (Coull et al., 1996) . While the task used by Petrides et al. (1993) may have inadvertently activated spatial visualizations of numerical order, the paradigms used in the latter two studies have no spatial component to them: these tasks require subjects to moniter for target letters that are presented either in the center of a computer screen or are heard over a loudspeaker.
How can these observations be reconciled with a specific role for parietal cortex in spatial attention? We ask two main questions in the present study. First, we examine whether posterior parietal cortex is involved in a fundamental aspect of attention that is common to both spatial and nonspatial forms of attentional task. We can determine this by comparing the pattern of brain activity when subjects are performing a spatial attentional task as opposed to a nonspatial one. Second, we wish to determine whether the parietal cortex activations often noted in working memory tasks are due simply to perception of a spatial array, to the specific mnemonic or executive components of working memory (holding and manipulating stimuli on-line), or indeed to the basic underlying attentional demands of a working memory task. The use of a factorial design allows us to further examine the possibility that the activation may in fact be a combination of any of these components. We use four tasks, each of which presents identical stimuli to the subjects and which differ only in the instructions given. These tasks vary along two dimensions (or factors): spatial processing and working memory demand. We predicted that right posterior parietal cortex would be activated both by spatial and by nonspatial tasks and that right parietal activations in working memory tasks would be due to underlying attentional demands and not related specifically to low-level spatial processing or to the mnemonic aspects of working memory. Clarification of this issue will have a major impact on interpretation of future attentional and working-memory studies.
EXPERIMENT I

Materials and Methods
Subjects
Six healthy, male right-handed volunteers (mean age 37.4; SE ϭ 7.7) took part in the study. All subjects were physically fit, and none were taking medication. The study was approved by the local hospital ethics committee, and permission to administer radioactive substances was obtained from the Administration of Radioactive Substances Advisory Committee (ARSAC; UK). Written informed consent was obtained prior to the study.
PET Scanning
Scans of the distribution of perfusion were obtained for each subject in a quiet room, using a Siemens/CPS ECAT EXACT HRϩ (Model 962) PET scanner, with septa retracted. A neuro insert positioned at the front of the scanner attenuated the contribution of radioactivity from the rest of the body to the recorded images. Radioactivity was administered as a H 2 O 15 bolus, infused over 20 s followed by a 20-s saline flush. The total effective dose equivalent of radioactivity per subject was 5.0 mSv. Twelve PET emission scans were collected over 96 min, with an 8-min interval between scans. Integrated radioactivity counts accumulated over a 90-s acquisition period, beginning with the rising phase of radioactivity in the head, were used as an index of local perfusion. A transmission scan was collected prior to emission scans to check the position of the subject and to correct for attenuation effects.
Experimental Design and Task Details
Primarily, a 2 ϫ 2 factorial design was used, in which the two experimental factors were spatial processing and working memory. Subjects performed one of four tasks which required (a) working memory for spatial locations (SWM), (b) working memory for nonspatial numerical stimuli (NWM), (c) attention to spatial locations (SA), or (d) attention to nonspatial numerical stimuli (NA). The stimuli presented in each of these four conditions were identical, the only differences between conditions being the instructional set given to subjects. The task was based on one that we have used previously and has also been employed in psychopharmacological investigation-the rapid visual information processing task. Digits were presented serially ( Fig. 1a) with an interstimulus interval of 600 ms, in pseudo-random order, in one of eight positions (Fig. 1b) on an Apple Macintosh computer screen. The stimulus positions were arranged in a regular array (as in, e.g., Smith et al., 1996) in order to approximately equate task difficulty across spatial and nonspatial tasks. Pilot testing showed that providing a regular frame of reference (a rectangular pattern) allowed subjects to perform the SWM condition satisfactorially. For the conditions requiring working memory, subjects were required to detect either consecutive sequences of digits, such as the occurrence of a 2 immediately followed by a 4 immediately followed by a 6 (the sequences used were 2-4-6 or 1-5-9 or 4-6-8), or stimuli occurring in a consecutive sequence of three predesignated target positions (see Fig. 1b for the positions used). For the former condition (NWM) the location of digits was irrelevant, and for the latter condition (SWM) the specific digit displayed was irrelevant. In addition to the presentation of complete target sequences (e.g., 2-4-6), partial target sequences (e.g., a 2 which was not followed by a 4 or a 2-4 sequence which wasn't followed by a 6) were also included in order to maximize the continuous nature of working-memory update. The non-working-memory (attention) conditions required subjects to detect the occurrence of a single target digit (2 or 5 or 8) or the occurrence of a stimulus in a single target position (see Fig. 1b for the three target positions used). As before, the position of the target digit was irrelevant in the former condition (NA), and the specific digit displayed was irrelevant in the latter condition (SA).
The four combinations of the two independent factors (spatial processing and working memory) comprised 8 of the 12 scans, with a rest (eyes closed) condition accounting for the remaining 4 scans. Presentation of these conditions was randomized both within and between subjects. The computer recorded correct detections, omissions, false alarms, and reaction times. In all tasks, subjects registered responses with a mouse press using their right index finger, and target sequences occurred at the rate of four every 30 s. The entire task lasted for 2.5 min and began approximately 1 min before the start of scanning and lasted for its duration. The computer calculated both the number of mouse presses to targets within a period of 1.5 s postpresentation (hits) and the number of mouse presses which incorrectly identified a target (false alarms). Calculations derived from Signal Detection Theory (Sahgal, 1987; McNicol, 1972) were also performed in order to take both hit probability and false alarms into consideration in a single measure of either detection sensitivity (AЈ) or response bias (BЉ) (see Sahgal, 1987 , for methods of calculation).
Statistical Analysis
Performance data for each task were analyzed using a repeated measures MANOVA with spatial processing and working memory as within-subjects factors.
Images of radioactive counts were analyzed using statistical parametric mapping (Friston et al., 1991; SPM96 and SPM97d , Wellcome Department of Cognitive Neurology, London, UK). Each subject's images were realigned to the first in order to correct for head movement between scans. All images were then spatially normalized into a standard space (Talairach and Tournoux, 1988) by matching each image to a standardized MNI template (Montreal Neurological Institute) using both linear and nonlinear three-dimensional transformations (Friston et al., 1995a) . Each image was then smoothed using an isotropic Gaussian kernel of 16-mm FWHM to accomodate intersubject differences in anatomy. A high-resolution anatomical MRI was obtained for four of the six subjects using a Siemens Vision scanner operating at 2 T and was coregistered to the same stereotactic space as each subject's corresponding PET images. The resulting MRI image was averaged across all four subjects and used to display areas of significant blood flow change.
Condition, covariate, and subject effects were estimated according to the general linear model at each voxel in brain space (Friston et al., 1995b) with global activity as a confounding covariate (normalized to 50 ml/100 ml/min) (Friston et al., 1990) . Linear contrasts were used to test hypotheses about regionally specific condition and covariate effects, which produced a statistical parametric map of the t statistic generated for each voxel (SPM5t6). The SPM5t6 was transformed to a map of corresponding Z values, thresholded at a Z value of 3.09 (P ϭ 0.001 uncorrected for multiple comparisons), and the resulting foci were characterized in terms of both spatial extent and peak height. The significance of each region was estimated using distri- butional approximations from the theory of Gaussian fields.
The experimental design used in our study allows us to examine the neuroanatomical correlates of the main effect of spatial processing (averaged across both working-memory and attention conditions), the main effect of working memory (averaged across both spatial and nonspatial conditions), and the interaction between the two (the effect of spatial processing on the neuroanatomical areas associated with working memory or vice versa). In addition, the inclusion of a rest state allows us to examine the neuroanatomical correlates of each of the four conditions independently. The main effect of spatial processing is predicted to define activations primarily in dorsal right parietal cortex (Corbetta et al., 1993; Nobre et al., 1997) , and the main effect of working memory is predicted mainly to activate right prefrontal cortex (Petrides et al., 1993; Courtney et al., 1996; Owen et al., 1996; Smith et al., 1996) . An additional important prediction that we make is that right parietal cortex will be activated not only by the spatial processing tasks, but also by the nonspatial tasks (Coull et al., 1996) . The inclusion of a rest condition is necessary to make this latter comparison.
A second level of analysis incorporated data previously collected and published in Coull et al. (1996) using a centrally cued version of the NWM condition from the current study. This analysis allowed us to compare the neural activity associated with performing a WM task when the stimuli are spatially distributed (as described above) compared to the stimuli occurring in the same central position on a screen (Coull et al., 1996) . An analysis such as this is useful in determining additional neural activity required to process digits when they appear in different spatial locations as opposed to a single central position. Our main comparison in the present study is concerned with the differential effects of attending to spatial locations as opposed to attending to nonspatial stimuli, such as digits. Nevertheless, these digits are distributed in space. Therefore, an additional comparison between new and previously published data is crucial to proper interpretation of the data in this experiment. The relevant task from the previous comparison study (Coull et al., 1996) presented eight subjects (mean age 24.38 (ϩ0.38) years) with a pseudo-random stream of digits at a rate of 100 digits per minute for 2.5 min. These digits were presented one at a time in the center of a computer screen, and the subjects were required to detect target digit sequences, as in the current study. The differences in activation between this task and a rest (eyes closed) condition were directly compared to the differences between the NWM condition and rest in the current study, in a between-groups statistical analysis. The original study had shown activation of right posterior parietal cortex when centrally presented digits were compared to a rest condition, and so we predicted that there would be equivalent activation of this area when digits were presented centrally as opposed to spatially (i.e., no significant difference in posterior parietal cortex activation between studies).
Results
Behavioral Data
There were no significant differences in performance of any of the four tasks, all being performed to approximately 80% accuracy.
PET Scanning Data
Areas commonly activated by spatial and nonspatial processing. One of our research questions was to determine whether right parietal cortex activations were due to the underlying attentional demands of spatial WM tasks and whether this activity was common to both spatial and nonspatial attentional processing. By performing a conjunction analysis (Price and Friston, 1997) of the SA task versus rest with the NA task versus rest we can delineate brain areas recruited by both of these types of attentional processing. In order to maintain orthogonality of these contrasts, the rest conditions were divided equally between the two contrasts. This analysis revealed common areas of activation bilaterally in prefrontal cortex, parietal cortex, visual cortex, and cerebellum (Table 1) . This network of areas is consistent with previous studies using a nonspatial version of this task (Coull et al., 1996 (Coull et al., , 1997 . Furthermore, we have found evidence for activation of right superior parietal cortex and IPS when subjects attend to either spatial locations or particular digits. Figure 2a shows the location of the superior parietal and IPS foci.
Spatial/digit processing. Even though right posterior parietal cortex is activated by both spatial and nonspatial attention tasks, it is possible that this area is preferentially recruited for spatial forms of processing. In order to examine this we can compare the mean of the two spatial tasks to the mean of the two nonspatial (digit) tasks. This comparison produced activations in right superior parietal cortex (BA7) and bilateral IPS associated with spatial processing (Table  2a ) and in Broca's area, left ventrolateral prefrontal cortex, left superior temporal cortex, and right lingual gyrus associated with processing of digit stimuli (Table  2b ). The more specific subtraction of the NA from the SA condition produced significant activations in superior and medial frontal cortex bilaterally, areas consistent with the location of the frontal eye fields (Paus, 1996 ) (x, y, z ϭ 22, 4, 50; Z ϭ 3.60; and Ϫ22, Ϫ6, 58; Z ϭ 3.29) and in right superior parietal cortex (x, y, z ϭ 28, Ϫ80, 56; Z ϭ 3.52). The subtraction of the NWM condition from the SWM condition produced a single focus of activation in the right superior parietal cortex (x, y, z ϭ 18, Ϫ70, 54; Z ϭ 4.09). Therefore right posterior parietal cortex is preferentially activated by spatial tasks, for both attentional and mnemonic forms of processing.
Attention/working memory. In order to determine whether the right posterior parietal cortex activation in WM tasks is related more to the executive/mnemonic aspects of the task rather than the spatial components, we can compare the mean of the two attentional tasks subtracted from the mean of the two WM tasks. This produced activations in left inferior frontal gyrus (with a corresponding subthreshold activation in the right hemisphere), left dorsolateral prefrontal cortex, bilateral IPS, and right superior parietal cortex (BA7) ( Table 2c ). The more specific comparison of the SWM condition to the SA condition produced WM-associated activations in right superior parietal cortex (x, y, z ϭ 22, Ϫ68, 50; Z ϭ 3.88). A comparison of the NWM condition to the NA condition included WM-associated activations in bilateral superior frontal cortex (x, y, z ϭ 20, 8, 56 ; Z ϭ 4.38 and Ϫ42, 4, 40; Z ϭ 4.33) and right superior parietal cortex (x, y, z ϭ 30, Ϫ76, 48; Z ϭ 3.55).
Therefore, right posterior parietal cortex is activated more by WM tasks, both spatial and nonspatial, than by simpler attentional tasks.
Interaction between spatial processing and working memory. In order to examine whether the right parietal cortex is activated particularly by spatial forms of working memory rather than by spatial processing or working memory individually, we can look at the interaction term in our 2 ϫ 2 factorial design specified by the linear contrast (SWM Ϫ SA) Ϫ (NWM Ϫ NA). There were no significant areas of activation produced by this contrast. The reverse linear contrast specifies areas associated with performance of the NWM task and was associated with activation of left inferior prefrontal cortex (PFC) (x, y, z ϭ Ϫ28, 42, 6; Z ϭ 3.18).
Comparison of centrally presented versus spatially distributed NWM task. The conjunction analysis of spatial with nonspatial (digit) attention tasks showed that both tasks recruit right posterior parietal cortex (IPS and BA7). However, it is necessary to dissociate activations produced by nonspatial processing of digits from those associated with incidental spatial processing (required for looking at digits in different positions on a screen). Therefore, an additional level of analysis is needed. We compared the difference between rest and the NWM condition from the present experiment to the difference between rest and an almost identical task which presented digit stimuli in a constant central location (Coull et al., 1996) . In the between-studies statistical analysis of these conditions, there was no evidence of any right posterior parietal cortex activation (IPS or BA7) when either comparison was subtracted from the other, which suggests that there is no significant difference in posterior parietal cortex activation between centrally presented and spatially distributed working-memory tasks for digit stimuli. In fact there was no differential activation of this area even at a low threshold of Z ϭ 2.33. This does not simply represent a null result because activations in the areas of interest were observed in the comparison of the NWM task to rest and more importantly in the comparison of the original centrally presented version of the task to rest. Activations in the between-studies analysis included right temperoparietal junction, left inferior parietal cortex, and bilateral dorsolateral prefrontal cortex (DLPFC) when the centrally presented paradigm was subtracted from the spatially distributed one (Table 3) .
Comment
These results demonstrate that the right posterior parietal cortex (both superior parietal cortex (BA7) and IPS) is activated during both spatial and nonspatial working-memory and attention tasks, although more so for spatial ones. Furthermore, while this area is recruited during performance of attentional tasks it is activated to an even greater extent during tests of working memory. Therefore, in answer to our initial research questions we suggest that right posterior parietal cortex is involved in a fundamental aspect of attention which is common to both spatial and nonspatial processing. Furthermore, while right parietal cortex activations observed in studies of spatial WM are likely to be partly due to this basic attentional processing, it is important to notice that this activation is stronger if the stimuli are spatial and if they require extra working-memory processing demands over and above basic attentional ones.
Our study is similar in many respects to that of Smith et al. (1996) , and we confirm their general findings of a right-lateralization of spatial processing and a more left-sided lateralization of working memory for verbal (in our case, digit) stimuli (see also Paulesu et al., 1994) . However, Smith et al. (1996) did not include a rest condition in their study, a component of the experimental design that has allowed us to image the neural correlates of spatial versus nonspatial attention, as well as those for working memory. In fact, the inclusion of a rest condition in our study has proved vital in determining the role of the right posterior parietal cortex in nonspatial attention and working memory. Without a rest condition, we would have only the knowledge that spatial working memory activates right parietal cortex more so than other tasks and so may have assumed that this area of the brain is involved only in spatial aspects of working memory. It may be argued that these activations could be explained by the spatial distribution of digits around the computer screen and the incidental spatial processing that is therefore required. However, the activation of right posterior parietal cortex in a version of this task that presented stimuli in a fixed central location contra- dicts this argument (Coull et al., 1996) . More compellingly, we have performed a between-studies statistical analysis and found no significant differences in activation of right posterior parietal cortex in spatially distributed versus centrally presented versions of the same digit-based working-memory task, although it is activated by both tasks separately, compared to rest.
However, there is one important caveat in our study design which is the use of digits as our measure of nonspatial stimuli. Although it is likely that these stimuli are being encoded verbally (as suggested by the left-lateralized activations in Table 2b ), it is possible that they may elicit an implicit spatial representation. As noted in the Introduction, it is possible that the WM task of Petrides (1993) could have inadvertantly elicited spatial representations of numerical order. More specifically, Dehaene (1992) describes the SNARC effect (spatial-numerical association of response codes) in which subjects automatically align digits to one or other side of hemispace. This occurs according to the magnitude of the digit in question, such that larger numbers (e.g., 5 to 9) lead to faster responses with the right hand, while smaller numbers are responded to more quickly with the left hand (Dehaene et al., 1993) .
Therefore, in order to avoid the possible confounding effect of the spatial representation of digits themselves, we performed a follow-up experiment. In this, we replicated the original experiment but used abstract, verbalizable objects (£, *, &, etc.) instead of digits. We repeated only the attentional (non-WM) conditions, since previous studies have already characterized the neural correlates of spatial and object WM sufficiently (Jonides et al., 1993; Owen et al., 1996; Petrides et al., 1993; McCarthy et al., 1996) . Based on our original hypothesis, and the promising results of the previous experiment, we predicted activation of right posterior parietal cortex (both BA7 and IPS) in a task of nonspatial (nondigit) attention.
EXPERIMENT II
Materials and Methods
Subjects
Four healthy, male right-handed volunteers (mean age 32.5; SE ϭ 4.6) took part in the study. All subjects were physically fit, and none were taking medication. The study was approved by the local hospital ethics committee, and permission to administer radioactive substances was obtained from the ARSAC (UK). Written informed consent was obtained prior to the study.
PET Scanning
PET scanning was performed exactly as described for Experiment I.
Experimental Design and Task Details
Subjects performed one of two tasks which required selective responding to single target objects (stimuli were characters commonly found on a typewriter keyboard, such as @, %, ?, etc.). The task was based on that described for Experiment I, with objects being presented serially in pseudo-random order at a rate of one every 600 ms on an Apple Macintosh computer screen. There were two tasks: one which presented objects in a fixed central location on the screen (the nonspatial task) and one which presented objects in one of eight spatially distributed locations (the spatial task), as Note. All Z scores are significant (uncorrected for multiple comparisons) at P Յ 0.001.
TABLE 3
Maximal rCBF Changes for the Subtraction of a Centrally Presented Digit WM Task (Coull et al., 1996) Note. All Z scores are significant (uncorrected for multiple comparisons) at P Յ 0.001. described for the spatial conditions in Experiment I. As for the nonspatial attention condition in Experiment I, subjects had to detect the occurrence of a single target object (£ or 6 or &). There were three targets from a sample of nine different objects. For the spatial task, the location of the object was irrelevant. Each condition was performed four times by the subjects, with a rest (eyes closed) condition accounting for the remaining four scans. Presentation of these conditions was randomized both within and between subjects. The computer recorded correct detections, omissions, false alarms, and reaction times. In all tasks, subjects registered responses with a mouse press using their right index finger, and target sequences occurred at the rate of four every 30 s. The entire task lasted for 2.5 min and began approximately 1 min before the start of scanning and lasted for its duration. Behavioral measures were calculated as in Experiment I.
Statistical Analysis
Performance data for each task were analyzed using a paired t test. Images of radioactive counts were analyzed using SPM, as in Experiment I. We examined the neuroanatomical correlates of attention to target objects which either are presented in a fixed (central) spatial location or are randomly presented within a spatial array. Based on the results of Experiment I, we predicted that while right posterior parietal cortex would be activated more for the spatially distributed task than for the central task, it would nevertheless also be activated in the central condition compared to a resting baseline.
Results
Behavioral Data
There were no significant differences in performance of either task, each being performed to approximately 100% accuracy.
PET Scanning Data
Central object task. Subtraction of rest scans from scans in which subjects attended to stimuli presented in the center of the screen produced activations in a distributed attentional network. Activations included bilateral premotor cortex, which extended into inferior frontal gyrus in the right hemisphere, bilateral IPS, and bilateral ventral visual cortex (Table 4 ). Figure 2b shows the location of the IPS focus. There was no activation of right superior parietal cortex (BA7).
Spatial object task. Subtraction of rest scans from scans in which subjects attended to stimuli distributed spatially around the screen produced activations in an attentional network very similar to that described above. Activations included bilateral premotor cortex, which extended into inferior frontal gyrus in the right hemisphere, and right IPS, which extended into superior parietal cortex (BA7) ( Table 4 ). Figure 2c shows the location of the superior parietal and IPS foci. Bilateral visual cortex activations which were more dorsal than those reported for the central task were also observed. A direct comparison of the central and spatial tasks produced additional activation in bilateral superior parietal cortex (x, y, z ϭ 20, Ϫ66, 42; Z ϭ 3.34; and x, y, z ϭ Ϫ20, Ϫ56, 60; Z ϭ 4.44) and bilateral primary visual cortex (x, y, z ϭ 6, Ϫ86, 8; Z ϭ 5.28; and x, y, z ϭ Ϫ6, Ϫ92, 10; Z ϭ 5.65) associated with performance of the spatial task.
Comment
This follow-up experiment has shown that the right posterior parietal cortex is activated when subjects attend to abstract, nonspatial objects as demonstrated by the comparison of the central task to rest. This suggests that the use of digits in the original experiment may not necessarily have activated right posterior parietal cortex simply due to incidental evocation of spatial representations. Furthermore, these stimuli were presented in a constant central location, lending further support to the conclusions drawn from the results of Experiment I: the right parietal cortex is activated both by spatial and by nonspatial forms of attention. However, this is true only for IPS and not for superior parietal cortex (BA7). Activation of BA7 was Note. All Z scores are significant (uncorrected for multiple comparisons) at P Յ 0.001. * There is no activation in this area. Z scores which are greater than 4.37 are equivalent to a P value which is significant after correction for multiple comparisons.
not found in the comparison of the central task to rest, but was noted in the comparison of the spatial task to rest and also in the comparison of the spatial task to the central task. Making a distinction between these adjacent areas of parietal cortex is crucial for interpretation of the spatial versus nonspatial attentional data. Attention to targets which invoke spatial representations (either directly through the use of a spatial stimulus array or indirectly through the use of digit stimuli) activates right BA7 and IPS. However, attention to nonspatial stimuli activates only right IPS. Therefore, we have partially confirmed our hypothesis that right posterior parietal cortex is activated by nonspatially attended stimuli: right IPS is recruited to process such stimuli, but right BA7 is not.
GENERAL DISCUSSION
Our results make a distinction between two adjacent regions of right posterior parietal cortex: intraparietal sulcus is associated with both spatial and nonspatial forms of attentional processing, while superior parietal cortex (BA7) is associated more exclusively with spatial attention. Furthermore, both areas of parietal cortex are activated more strongly for tasks which require working-memory demands over and above simple attentional ones. We also observed dissociable activation of dorsal and ventral visual processing pathways for spatial and nonspatial tasks, respectively (Ungerleider and Mishkin, 1982; Haxby et al., 1991) .
The Posterior Parietal Cortex and Spatial Processing
Our main hypothesis was that we would see right posterior parietal cortex activations for both spatial and nonspatial attentional tasks. This was the case for the right IPS (which lies between superior (BA7) and inferior (BA40) parietal cortex), but not for the right superior parietal cortex (BA7). Although we acknowledge that PET has a relatively lower spatial resolution than fMRI, it was clear that there were two separate clusters of activation in right posterior parietal cortex corresponding to these two areas (Fig. 2) . Furthermore, the vector distance between the two peaks in the conjunction analysis of Experiment I was greater than the FWHM of the smoothing kernel used in this study, suggesting that two separate clusters could indeed be resolved. Previous functional imaging studies have implicated an area corresponding to IPS in tasks of covert spatial attentional orienting, during which subjects did not move their eyes (Corbetta et al., 1993; Nobre et al., 1997) . However, in more overt spatial tasks in which eye movements are required, such as our own study and that of Corbetta et al. (1995) , a more superior, posterior, and medial area of parietal cortex (BA7) is activated. This could reflect the functional specialization of the parietal cortex for attention (spatial and nonspatial) and visually guided eye movements in IPS and BA7, respectively. Andersen et al. (1989 Andersen et al. ( , 1997 review the role of the parietal cortex in visuospatial processing and motor planning. It is suggested that area 7a and LIP (lateral bank of the IPS) in the monkey parietal cortex are involved in spatial attentional processing and intention to make saccadic eye movements, respectively. Importantly, area 7a lies below the IPS in monkeys. Therefore, in both monkeys and humans, the more ventral of the two parietal areas (IPS in humans, area 7a in monkeys) is associated with attention, while the more dorsal (BA7 in humans, LIP in monkeys) is associated with eye movements.
It is interesting that the use of digits, rather than objects, seemed to activate BA7 preferentially. This may then provide some neuroanatomical evidence for the SNARC effect, as described by Dehaene (1992) , whereby digits automatically invoke spatial representations.
The Posterior Parietal Cortex and Working Memory
One of our research questions asked whether the activation of posterior parietal cortex often noted with spatial WM tasks was due to the spatial, attentional, or mnemonic demands of the task. Our results suggest that it is most probably due to a combination of all three components. While this region of parietal cortex is activated more for WM tasks than for attentional ones, it is nevertheless also activated during attentional tasks, as seen in both experiments. Therefore, in addition to the well-documented role for the prefrontal cortex in WM, we also find evidence to support an important role for posterior parietal cortex in both spatial and digit-based WM tasks.
The main difference between the attention and the WM tasks is in the continual updating of the contents of WM throughout performance of the mnemonic tasks. Petrides (1996) has reviewed the differentiation between two distinct aspects of WM neuroanatomically, and suggests that the DLPFC is needed for monitoring and continual updating of WM, while the ventrolateral PFC is involved in active retrieval of information from more posterior brain areas (Owen et al., 1996) . However, the lack of DLPFC activations in the comparison of nonspatial WM and spatial WM suggests that both spatial and nonspatial tasks activate identical areas of DLPFC (i.e., they have been ''cancelled out''). This is in direct contrast to findings of anatomical specificity for spatial versus object working memory in both primate and functional imaging studies such that spatial processing is thought to activate the DLPFC, whereas object processing is thought to activate the VLPFC (Wilson et al., 1993; Courtney et al., 1996; Smith et al., 1995) . Owen (1997) has explicitly tested this hypothesis with a two-back task similar to the one used by Smith et al. (1996) and supports our own conclusion that there are no differences in DLPFC activity with spatial and nonspatial tasks.
We have found a difference in activity of the left inferior frontal gyrus, however, when the SWM task in the first experiment is subtracted from the NWM task. This area is very close to the area previously reported by Paulesu et al. (1994) as constituting the phonological loop component of verbal WM. We suggest this area is activated in our own study because subjects rehearse digit sequences subvocally (activating the inner speech articulatory control processes of the phonological loop) while one or more digits are held ''on-line'' for comparison to a target template (activating the phonological store component of the phonological loop) (Coull et al., 1996) . The cerebellar activation may also be part of this network. Therefore, we suggest that subjects could have been processing the digits verbally as well as spatially.
The Relationship between Working Memory and Attention
A recently published evoked potential study by Gevins et al. (1996) supports our hypothesis that the right parietal cortex is activated by both spatial and nonspatial tasks. Subjects had to perform a forced-choice version of the spatial and verbal three-back tasks, similar to those used by Smith et al. (1996) . Electrodes of interest over the right dorsolateral prefrontal cortex discriminated spatial and verbal tasks by revealing a positive waveform approximately 300 ms poststimulus which was enhanced in the spatial working-memory condition compared both to a spatial control and to the verbal working-memory condition. However, over the parietal cortex bilaterally, but particularly on the right, a late positive slow wave discriminated both workingmemory conditions from their controls, but failed to discriminate between spatial and verbal workingmemory conditions. Gevins et al. (1996) conclude ''the common distribution of this effect for both spatial and verbal WM suggests that it was not produced by modality-specific storage of representations.'' Our PET results support this conclusion. Furthermore, Gevins et al. (1996) also suggest that this slow waveform may be related to the attentional rather than the mnemonic demands of a working memory task. Again our PET results support this proposal: the right posterior parietal cortex was activated by both attentional conditions compared to rest, albeit less strongly than by the working-memory conditions. However, it is possible that this may simply reflect the additional attentional demands that are made during a WM task. Although the posterior parietal cortex is more active during our WM tasks than during attentional tasks, this does not belie the importance of attentional processing in this brain region, since activation may simply be due to the fact that WM tasks, by their very nature, require additional attentional demands. Therefore, additional posterior parietal activity during WM tasks may not necessarily be related to working memory processes per se, but to extra attentional demands made by the WM task. As Baddley has recently asked, ''should we . . . rename the [working memory] system working attention?' have already documented a close anatomical and functional overlap between spatial attention and spatial working memory, and we provide further evidence for almost identical distributed anatomical networks for these two processes. The neuroanatomical (and possibly neuropsychological) dissociation between attention and working memory is beyond the scope of this study and is a question that remains to be answered conclusively.
Right Posterior Parietal Cortex as an Attentional Integration Area
So what role does the right posterior parietal cortex (particularly IPS) play? It is possible that this area is involved not just in spatial processing (see also Petersen et al., 1994; Gevins et al., 1996) but is in fact involved in a fundamental low-level attentional process (not necessarily spatial attention) that acts as a lowest common denominator for many types of cognitive processes. However, it is recruited more for spatial tasks than for nonspatial ones, suggesting that there may be some functional specialization for spatial processing in parietal cortex in addition to its role in attention.
Alternatively, IPS may also be an area in which different attentional processes can interact with, and influence, one another. For example, right IPS was activated by the interaction between sustained attention and selective attention for nonspatial target objects in a previous PET study of our own . Additionally, right IPS is activated more when attention is directed to both spatial and temporal aspects of our environment simultaneously, as opposed to either dimension alone (Coull and Nobre, 1998) . In the context of the present study, IPS could provide the neural substrate for the interaction between attention to target objects and spatial attention. Our conclusions remain speculative at present, but whatever the final explanation our study has proved important in showing a clear role for right IPS in nonspatial aspects of attentional processing.
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